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p38In a previous study we could show that connexin 43 (Cx43) expression increased the migration of cells in a
channel-independent manner involving the MAPK p38. We analyzed here the mechanism by which Cx43 en-
hanced p38 activation and migration related changes of the actin cytoskeleton. HeLa cells were used as a
model system for the controlled expression of Cx43 and truncated Cx43 proteins. The expression of Cx43 altered
the actin cytoskeleton organization in response to serum stimulation. Cx43 expressing HeLa cells had signiﬁcant-
lymore ﬁlopodial protrusions per cell than empty-vector transfected control cells. The expression of the channel
incompetent carboxyl tail of Cx43 was sufﬁcient to enhance the ﬁlopodia formation whereas the N-terminal,
channel-building part, had no such effect. The enhanced ﬁlopodia formation was p38 dependent since the p38
blocker SB203580 signiﬁcantly diminished it. Immunoprecipitation revealed an interaction of the upstream reg-
ulator of p38, p21-activated protein kinase 1 (PAK1), with Cx43 resulting in an enhanced phosphorylation of
PAK1. Moreover, p38 activation, ﬁlopodia formation and cell migration were signiﬁcantly reduced by blocking
the PAK1 activity with its pharmacological inhibitor, IPA-3. The p38 target Hsp27, which favors the actin poly-
merization in its phosphorylated form, was signiﬁcantly more phosphorylated characterizing it as a potential
candidate molecule to enhance the serum-induced actin polymerization in Cx43 expressing cells. Our results
provide a novel mechanism by which Cx43 can modify actin cytoskeletal dynamics and may thereby enhance
cell migration.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
The dynamic remodeling of the actin cytoskeleton is essential for the
control of cell motility [1]. Within this process, the formation of cellular
protrusions such as ﬁlopodia and lamellipodia which are composed of
numerous actin ﬁlaments (F-actin) plays a pivotal role [1]. Filopodia
are thin ﬁnger-like extensions at the cell membrane consisting of
bundled actin ﬁlaments protruding from lamellipodia [2,3]. Their pro-
posed role during migration is to act as sensors and signal transducers
for environmental cues (since they contain receptors that detect extra-
cellular signals) [4]. They are involved in the development of cell polar-
ity and important for directed cell migration, which includes the
reorientation of the Golgi apparatus into the direction of migration [5].
Indeed it has been shown that the ﬁlopodia formation is required for a
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The organization of the actin cytoskeleton in general and of ﬁlopodia
in particular is regulated by members of the Rho family of small
GTPases. RhoA is mainly necessary for the bundling of actin ﬁlaments
into stressﬁbers,whereas Rac1 activation is important for the formation
of lamellipodia and Cdc42 for the polymerization of actin to form
ﬁlopodia and actin microspikes [9–12]. Among the effectors of Rac1
and Cdc42 are p21-activated kinases (PAKs) which play a role as up-
stream regulators of p38 signaling [13–15].
In a previous study we could show that connexin 43 (Cx43) expres-
sion enhances the migration of HeLa cells and endothelial progenitor
cells in a channel-independent way. The Cx43 mediated enhanced mi-
gration was associated with an increased activation of the p38 MAPK
[16]. However, it remained unclear how Cx43 or more precisely its car-
boxyl tail could enhance serum induced p38 activation.
Cx43 is a protein which is involved in the formation of gap junction
channels between cells in many tissues which allow the exchange of
ions and small molecules between cells. In addition to forming gap
junction channels, Cx43 has been shown to have functions in signaling
processes in a channel-independent way such as inhibition of cell or
tumor growth [17–20], skeletal muscle differentiation [21], effects on
transcription and cell cycle control [22,23] or reorientation of the actin
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volve interactions of regulatory proteins with the cytoplasmic tail of
Cx43 [25]. Since it has been described in cardiac myocytes, that PAK1
participated in the control of Cx43 phosphorylation [26], we hypothe-
sized that Cx43 in turn could also be involved in the control of PAK1 ac-
tivity by a close interaction of the enzymewith the carboxyl tail of Cx43.
A Cx43 dependent PAK1 activation could explain the previously ob-
served p38 dependent enhancement of cell migration in the presence
of Cx43. This would link Cx43 expression and p38 activation as we ob-
served before in HeLa cells [16]. We also hypothesized that an interac-
tion of PAK1 and Cx43 could augment the formation of ﬁlopodia
which have been found to be critically dependent on activation of p38.
The small heat shock protein 27 (Hsp27) has been shown to be a
substrate of p38. Hsp27 affects actin polymerization in a phosphoryla-
tion dependent manner [27,28]. In its non-phosphorylated form it can
act as an actin-capping protein, whereas it favors actin polymerization
when being phosphorylated on serine residues [29–32]. However, a di-
rect or indirect regulatory role of Cx43 on Hsp27 phosphorylation has
not yet been studied.
In the present study we therefore analyzed the role of Cx43 or its
carboxyl tail, respectively, in the activation of PAK1 and the related ac-
tivation cascade on serum induced changes of ﬁlopodia formation and
migration inHeLa cells, which allow controlled expression of connexins.
2. Materials and methods
2.1. Cells and culture conditions
HeLa cells stably expressing rat Cx43 (HeLa–Cx43) were a kind gift
from Dr. Klaus Willecke (University of Bonn, Germany). As controls
HeLa wild-type cells were stably transfected with the empty vector
pBEHpac18 (CTL; provided by Dr. Willecke, Bonn) using Superfect
(Qiagen). Cells were cultivated in Dulbecco's modiﬁed Eagle medium
(DMEM, Invitrogen) with 10% new born calf serum (NBCS, Biochrom),
1% penicillin-streptomycin (Sigma Aldrich). The growth medium was
supplemented with 1 μg/ml puromycin (Sigma) for HeLa–Cx43 and
empty vector transfected cells (HeLa–CTL). HeLa cells transfected with
pcDNA4–Cx43NT–GFP and pcDNA4–Cx43CT–GFP were maintained in
DMEM with 10% NBCS, 1% penicillin-streptomycin and 200 μg/ml
Zeocin as described in Behrens et al. [16]. All cells were maintained at
37 °C and 5% CO2.
2.2. F-actin staining
The cells were seeded on glass cover slips in DMEM-10% NBCS. After
attachment, the cells were cultivated overnight in DMEM-0.5% NBCS to
synchronize cell growth, followed by an incubation in DMEM-10% NBCS
for 5 h. Subsequently, the cells were ﬁxedwith 3.5% formaldehyde solu-
tion in phosphate-buffered saline (PBS) pH 7.4, for 15min at room tem-
perature. After rinsingwith PBS, the cells were permeabilized with 0.1%
Triton X-100 (AppliChem) in PBS for 5min. Then the cells were washed
again with PBS and incubated with PBS-0.5% bovine serum albumin
(BSA) for 30 min to 1 h. To stain the F-actin, the cells were incubated
with Alexa Fluor 546 labeled phalloidin or Alexa Fluor 488 labeled
phalloidin diluted in PBS-1% BSA (1:100; AppliChem) at room tempera-
ture for 30 min. After washing the cells 3 times, the coverslips were
mounted and the F-actin staining was analyzed using confocal micros-
copy (Leica).
To analyze the role of p38 activation in ﬁlopodia formation, the
cells were preincubated with the p38 inhibitor SB203580 (25 μM;
Calbiochem) or the equal amount of the solvent DMSO for 2 h after syn-
chronization in DMEM-0.5% NBCS. The cells were then incubated with
DMEM-10% NBCS supplemented with SB203580 (25 μM) or DMSO for
additional 5 h. Thereafter, the actin cytoskeleton was stained as de-
scribed above. For inhibition of PAK1 the cells were synchronized over-
night in 0% NBCS and stimulated with 10% NBCS for 3 h in the presenceof the PAK1 inhibitor IPA-3 (50 μM; Calbiochem) or with the same
amount of the solvent DMSO as a control.
2.3. Quantiﬁcation of ﬁlopodia
After staining of F-actin with Alexa Fluor labeled phalloidin, the cells
were analyzedwith a confocalmicroscope (Leica) and the amount of in-
dividual ﬁlopodia per single cell of randomly chosen cells without direct
neighboring cells was determined. For a better visualization of the actin
ﬁlament structures the maximal projections of the taken images were
analyzed.
2.4. Determination of F-actin/G-actin ratio
HeLa–Cx43 and HeLa–CTL cells were seeded in cell growth medium
(7 × 104 cells/well) in 24 well culture dishes. The cells were cultured
overnight in DMEM-0.5%NBCS. On the next day the cells were stimulat-
ed with 10% NBCS for 3 h. Determination of F-actin/G-actin ratio was
measured as described [33]. Brieﬂy, after stimulation the cells were
ﬁxed (3.7% formaldehyde) for 15 min at room temperature and rinsed
with PBS. After permeabilization with 0.1% Triton X-100 for 5 min the
cells were washed with PBS and incubated for 1 h with Alexa Fluor
546 labeled phalloidin (1:100, life technologies) to stain F-actin or
with Alexa Fluor 488 labeled DNAseI (3 μM; life technologies) to stain
monomeric G-actin. After three wash steps with PBS the binding of
phalloidin and DNAseI was measured on a plate reader (Tecan inﬁnite
200; Tecan). The background ﬂuorescence estimated with unlabeled
cells was substracted from the ﬂuorescence measured for each
ﬂuorophore. Finally, the relative ratio of F-actin/G-actin ﬂuorescence
was determined. The ratios of 10% NBCS stimulated cells compared to
unstimulated cells are displayed in %.
2.5. Migration assay using wound assay chambers (Ibidi)
After detaching with trypsin, 70 μl of suspended (6 × 105 cells/ml)
HeLa–Cx43 and HeLa–CTL cell cultures were seeded into each chamber
of the culture inserts for wound healing assays (Ibidi). On the next day
the cells were pre-incubated with the PAK1 inhibitor IPA-3 (50 μM;
Calbiochem) or with the equal amount of the solvent DMSO, for 2 h.
The culture inserts were removed and the cells were incubated with
fresh culture medium (DMEM-10% NBCS) in the presence of 20 μM
IPA-3 or DMSO. The chambers were mounted on an inverted micro-
scope (Zeiss) and cell migration was observed for 24 h with a live cell
imaging system (Ibidi). Images were captured computer controlled
with an AxioCam camera (Zeiss). For assay analysis, cells were tracked
using the manual tracking software component of the ImageJ program.
After tracking, the cell paths were analyzed using the ‘Chemotaxis and
Migration Tool’, a free ImageJ plugin provided by Ibidi to compute accu-
mulated distance (mean distance of all cell paths).
2.6. Western blot analysis
Empty vector transfected HeLa cells (CTL) or HeLa cells stably ex-
pressing Cx43 (HeLa–Cx43) were grown to a 90% conﬂuence and
lysed in Laemmli buffer [34].
For inhibition of PAK1 or p38 the cells were synchronized overnight
in 0%NBCS, pretreatedwith the appropriate inhibitor (PAK1: 50 μMIPA-
3 for 10min; p38: 25 μMSB203580 for 30min) and stimulatedwith 10%
NBCS for the indicated time points. As a control the cells were
pretreated with the same amount of the solvent DMSO.
The protein samples were size-separated by SDS-PAGE using 8–16%
Tris–glycine gels (Thermo Scientiﬁc) and electrophoretically trans-
ferred to a Hybond-P membrane (Amersham) at 0.8 mA/cm2 for 1 h.
The membranes were treated with 5% skimmed milk powder
(AppliChem) in phosphate-buffered saline (PBS) solution containing
0.1% Tween 20 (Sigma) for 1 h to block unspeciﬁc antibody binding
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ry antibodies used: anti-Cx43 (SigmaAldrich, 1:3000), anti-GFP (1:500;
Abcam), anti-phospho Hsp27 S82 (Cell Signaling, 1:1000), anti-
phospho αPAK Thr423 (1:500; Santa Cruz), anti-phospho p38 (T180/
Y182) and anti-GAPDH (Chemicon, 1:20,000)were diluted in 5% bovine
serum albumin (BSA, AppliChem) in PBS-0.1% Tween. After incubation,
the blotswerewashed and incubated for 2 hwith the according second-
ary antibodies coupled to horseradish peroxidase (Calbiochem,
1:2000–1:5000) diluted in 5% skimmed milk powder in PBS-0.1%
Tween. After washing the blots, the bound antibodies were detected
by enhanced chemiluminescence (ECL, Applichem). Detection of
GAPDH was used to demonstrate equal loading. For densitometrically
analysis the phosphorylation values were adjusted to the values of
GAPDH expression.
2.7. Immunoprecipitation
Cell lysates were prepared by scraping the cells in lysis buffer
(50 mM NaCl, 1% Triton X-100, 50 mM Tris–HCl pH 8.0) supplemented
with protease inhibitors (10 μg/ml aprotinin; AppliChem, 10 μg/ml
leupeptin; AppliChem and 1 mM PMSF; Sigma Aldrich). For immuno-
precipitation cell lysates were incubated for 2 h at 4 °C with anti-Fig. 1.Cx43expression augmentedﬁlopodia expression. (A) Cells expressing Cx43 (Cx43, right)
546-coupled phalloidin to visualize F-actin. Scale bar: 20 μm. (B) Filopodia number per single cel
experiments; 14 cells/experiment; (*): p b 0.05). (C) Western blot analysis conﬁrmed Cx43 exαPAK antibody (Santa Cruz) and magnetic beads coated with protein
A (Miltenyi Biotec). The immune complex was separated using a mag-
netic separation unit (Miltenyi Biotec). The eluted immunoprecipitates
were analyzed by Western blot for binding of Cx43 with a polyclonal
anti-Cx43 antibody (Sigma Aldrich).
The binding of Cx43 to PAK1 was further analyzed using a GST-pull-
down assay (Thermo Scientiﬁc) based on the p21 binding domain
(PBD, containing the residues 67–150 of PAK1) according to the
manufacturer's protocols. Stably transfected HeLa cells were grown to
70% conﬂuence and serum starved for 24 h in DMEM-0% NBCS. The
cells were stimulated with 10% NBCS for 10 min. Cell lysates were pre-
pared by scraping the cells in lysis buffer (25 mM Tris–HCl pH 7.2,
150mMNaCl, 5mMMgCl2, 1%NP40, 5% glycerol) containing protease in-
hibitors (10 μg/ml aprotinin; AppliChem, 10 μg/ml leupeptin; AppliChem
and1mMPMSF; SigmaAldrich) and incubation for 10min on ice. Lysates
were passed through a 26-gauge syringe needle to shear the genomic
DNA, centrifuged (15 min at 13,000 rpm, 4 °C) and supernatants were
used for the pull-down assay. Samples were incubated on spin columns
containing glutathione resin and GST-PAK1-PBD for 2 h at 4 °Cwith gen-
tle agitation. After centrifugation andwashing, the spin columnswere in-
cubatedwith 2× reducing sample buffer (Laemmli buffer) and the eluted
samples were analyzed by Western blots.showedmoreﬁlopodia than control cells (CTL, left). The cellswere stainedwith Alexa Fluor
lwas nearly threefold higherwhen Cx43was expressed (mean±SEM, n=4 independent
pression in HeLa-Cx43 cells.
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Normal distributed data were analyzed for statistical differences
using Student's t-test for unpaired data. For more than two comparisons
the one way analysis of variance, ANOVA, followed by pairwise multiple
comparisons with the Student–Newman–Keuls method was applied. In
the case of a non-Gaussian distribution (NG, stated in theﬁgure legends),
the data were statistically analyzed using the Mann–Whitney Rank Sum
test. For multiple comparisons, the Kruskal–Wallis one way analysis of
variance on ranks followed by pairwise multiple comparisons with
Dunn's method was used. Results are expressed as mean values ± SEMFig. 2. The carboxyl tail of Cx43was sufﬁcient to augment ﬁlopodia expression. (A) F-actin label
Cx43 (Cx43CT, bottom row).Whereas Cx43NTwasmainly located at the cell membrane, Cx43C
cell (arrows). Images are representative of 4 independent experiments. Scale bars: 20 μm. (B) A
empty vector transfected cells (CTL). This augmenting effect was lost in HeLa–Cx43NT–GFP but
p b 0.05, Cx43 vs. CTL and Cx43CT vs. Cx43NT). (C) Immunoblot detection of truncated and full-
Cx43-antibody (αCx43), recognizing anepitope at theC-terminal region, detected Cx43 full-len
detected by subsequent incubation with a polyclonal anti-GFP antibody (α GFP). GAPDH detecas indicated in the ﬁgure legends. Also non-Gaussian distributed data
are given in means as the medians did not differ more than 10% from
the corresponding mean values. Differences were considered signiﬁcant
at p-values less than 0.05 (p b 0.05).
3. Results
3.1. Cx43 expression augmented ﬁlopodia formation of HeLa cells
HeLa cells stably expressing Cx43 (Cx43) exhibited an actin organi-
zation which was different from empty vector transfected HeLa cellsing (left) and distribution of GFP-labeled (right) Cx43NT (top row) and the carboxyl tail of
Twas predominantly located in the cytoplasm and alsowithin ﬁlopodial protrusions of the
ugmenting effect of Cx43 expression (Cx43) on number of ﬁlopodia per cell compared to
preserved in HeLa–Cx43CT–GFP (mean± SEM, n= 4 independent experiments; NG, (*):
length Cx43 in stably transfected HeLa cells. Incubation of themembranewith a polyclonal
gth and Cx43CT-GFP. BothGFP-labeled truncatedCx43proteins, Cx43NT andCx43CT,were
tion conﬁrmed equal loading.
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without Cx43 expression (Fig. 1A). The amount of ﬁlopodia per single
cell was signiﬁcantly higher in HeLa-Cx43 compared to HeLa–CTL cells
(Fig. 1B; amount of ﬁlopodia per single cell: mean ± SEM: CTL: 12 ±Fig. 3. Inhibition of p38 reduced the amount of ﬁlopodia speciﬁcally inHeLa–Cx43 cells. (A) Inhi
in HeLa–CTL cells (top row). Scale bar: 20 μm. (B) The number of ﬁlopodia per cell was signiﬁc
with p38 inhibitor). Mean ± SEM, n ≥ 6 independent experiments; (*): p b 0.05; n.s.: not sign0.9, Cx43: 30 ± 1.6). The expression of Cx43 in stably transfected
HeLa–Cx43 cells was conﬁrmed byWestern blot (Fig. 1C). In empty vec-
tor transfected HeLa cells (CTL) therewas no expression of Cx43 detect-
able (Fig. 1C).bition of p38 (+SB) decreased the amount ofﬁlopodia inHeLa–Cx43 (bottom row) but not
antly reduced in Cx43 expressing but not in control cells (D: DMSO treated, +SB: treated
iﬁcant.
Fig. 4. Inhibition of PAK1 reduced phosphorylation of p38MAPK in Cx43 expressing cells only. (A) Effect of the PAK1 inhibitor IPA-3 (+IPA) on p38 phosphorylation before (0) and 5min
(5′) after serum treatment in empty vector transfected cells (CTL) and in cells expressing Cx43. (B) P38 phosphorylation after stimulation with 10% NBCS for 5 min in the presence of the
IPA-3 solvent DMSO (D) was signiﬁcantly increased in Cx43 expressing cells. The PAK1 inhibitor IPA-3 (+IPA) reduced p38 phosphorylation in Cx43 expressing, but not in empty vector
transfected control cells (CTL). Mean ± SEM: CTL D: 100 ± 19%; CTL + IPA: 84 ± 16%; Cx43 D: 164 ± 15%; Cx43 + IPA: 124 ± 11%; n = 5 independent experiments; p b 0.05.
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Further we analyzed the actin cytoskeleton of HeLa cells stably
transfected with truncated Cx43 proteins covalently coupled with GFP.Fig. 5.Cx43 interactedwith PAK1 and enhanced PAK1phosphorylation. (A) Cx43 could be preci
and IP samples of HeLa–CTL and HeLa–Cx43 cells. GAPDHwas used as a control. It was detected
PAK1–PBD was slightly increased upon stimulation with serum (10′) as shown inWestern blot
PAK–PBD control (without cell lysate). GAPDHwas used as a control showing no binding (dete
Thr423) upon stimulation with serum for 5 min was only observed in Cx43 expressing cells. To
GAPDH (α GAPDH). (D) Densitometric analysis of Western blots showed a signiﬁcant increase
CTL: 100 ± 6%; Cx43: 359 ± 7.5%; n = 4 independent experiments; NG; (*): p b 0.05) compaThe N-terminal part of Cx43, Cx43NT (aa 1–257), was mainly localized
at the plasma membrane and at cell–cell contacts. In contrast, the car-
boxyl tail of Cx43, Cx43CT (aa 257–382), was localized in the cytoplasm
but was also found in ﬁlopodial extensions of the cell (Fig. 2A). Thepitated togetherwith PAK1 in cells expressing Cx43. PAK1was detected in both, cell lysates
in cell lysates but did not co-precipitate with PAK1 (IP PAK1). (B) Binding of Cx43 to GST–
experiments. GST was detected in the GST–PAK–PBD pull down samples and in the GST–
cted in cell lysates (L) only). (C) An increased PAK1 activation (phosphorylation of PAK1 at
conﬁrm equal loading the membrane was reprobed with a monoclonal antibody against
of phosphorylated PAK1 upon serum stimulation in Cx43 expressing cells (mean ± SEM:
red to empty vector transfected cells (CTL).
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pressing Cx43CT compared to HeLa cells expressing the N-terminal
part (Cx43NT; Fig. 2B). Thus, in both Cx43 full length and Cx43CT ex-
pressing cells the amount of ﬁlopodia was signiﬁcantly higher than in
control cells (CTL) or Cx43NT expressing cells. The expression of both
proteins (Cx43NT–GFP: ~55 kDa; Cx43CT–GFP: ~41 kDa) was also con-
ﬁrmed by Western blot analysis (Fig. 2C).
3.3. Cx43 dependent ﬁlopodia formation required MAPK p38 activation
The inhibition of p38 (by SB203580) signiﬁcantly reduced the
amount of ﬁlopodia in HeLa cells expressing Cx43 (Fig. 3) but not in
empty vector transfected control cells (amount of ﬁlopodia in % of
sham-treated CTL: CTL D: 100 ± 9.8%; CTL + SB: 84 ± 7.8%; Cx43 D:
152 ± 12.2%; Cx43 + SB: 105 ± 9.1%; Fig. 3B). Representative imagesFig. 6. Inhibition of PAK1 reduced ﬁlopodia formation andmigration of HeLa cells. (A) Treatmen
Scale bar: 20 μm. (B) Inhibition of PAK1 (+IPA) decreased the amount of ﬁlopodia in Cx43 exp
(CTL). Results are displayed asmeans± SEM, n=3 different cell cultures each; (*): p b 0.05. (C
by single cell traces was assessed in wound assays. The accumulated distance of IPA-3 treated
analysis of the accumulated distance showing higher migration distances in the presence of C
(mean ± SEM, n = 8 each, in 4 independent cell cultures, (*): p b 0.05).of the actin cytoskeleton of HeLa cells expressing Cx43 and control
cells (CTL) treated with the p38 inhibitor (+SB) or the solvent
(D) alone are shown in Fig. 3A.3.4. Inhibition of the p21-activated protein kinase 1 (PAK1) reduced
activation of p38 MAPK
Since p38 MAPK is an effector of PAK1, the cells were pre-treated
with the PAK1 inhibitor IPA-3 followed by a stimulation for 5 min
with 10% NBCS. Stimulation with 10% NBCS resulted in a p38 activation
in both cell types, HeLa–Cx43 andHeLa–CTL cells, but the activationwas
signiﬁcantly higher in HeLa–Cx43 cells (Fig. 4A,B). The phosphorylation
of p38 was signiﬁcantly reduced in Cx43-expressing HeLa cells, when
the cells were pre-treated with the PAK1 inhibitor IPA-3 (Fig. 4A,B).t with the PAK1 inhibitor IPA-3 reduced the ﬁlopodia expression in Cx43 expressing cells.
ressing cells. However, a small but signiﬁcant reduction was also observed in control cells
+D) Effect of the PAK1 inhibitor (+IPA) on serum induced cellmigration (24 h) as shown
cells was signiﬁcantly lower than observed in DMSO-treated controls (D). D: Quantitative
x43. This augmenting effect was blocked after treatment with the PAK1 inhibitor IPA-3
Fig. 7. Cx43 expression enhanced phosphorylation of Hsp27 and F-actin polymerization.
(A) Cx43 expression augmentedHsp27 phosphorylation in response to serumstimulation.
This effect was mediated by p38, since the p38 inhibitor SB203580 (+SB) reduced the
Hsp27 phosphorylation. (B) Inhibitory effect of the p38 inhibitor (+SB) on the amount
of phosphorylated Hsp27 15 min after serum incubation (D: DMSO treated, SB: treated
with p38 inhibitor). (C) The F-actin/G-actin ratio was signiﬁcantly increased in Cx43 ex-
pressingHeLa cells after stimulationwith 10%NBCS for 3 h (mean± SEM; n=5 indepen-
dent experiments; p b 0.05).
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We investigated a potential interaction of PAK1 and Cx43 in HeLa
cells. Co-immunoprecipitation studies with an antibody against PAK1
revealed an interaction of Cx43 protein with PAK1 (Fig. 5A), which
was conﬁrmed further with a GST–PAK1–PBD pull down assay. Incuba-
tion of HeLa–Cx43 cell lysates with the GST–PAK1–PBD resulted in
precipitation of Cx43 in HeLa-Cx43 cells but not in empty vector
transfected cells (CTL). As a control the cell lysates and pull down sam-
ples were analyzed with a GST antibody followed by GAPDH detection.
GST was detectable in the GST–PAK–PBD pull down samples as well as
in the GST–PAK–PBD control sample without cell lysate (GST). GAPDH
expression was detected in cell lysates only (Fig. 5B).
Further, we investigated the phosphorylation of PAK1 in Cx43
expressing and control HeLa cells with a phospho-speciﬁc antibody
after stimulation with 10% NBCS. Phosphorylation of PAK1 was signiﬁ-
cantly enhanced in cells expressing Cx43 compared to empty vector
transfected control cells (Fig. 5C,D).
3.6. Inhibition of PAK1 reduced ﬁlopodia formation and cell migration of
HeLa cells
The amount of ﬁlopodia was signiﬁcantly reduced after speciﬁc inhi-
bition of PAK1 in Cx43 expressing cells down to the level found in sol-
vent (DMSO) treated control (CTL) cells (amount of ﬁlopodia per cell;
mean ± SEM: CTL D: 12 ± 0.4; CTL + IPA: 5 ± 0.4; Cx43 D: 28 ± 1.8;
Cx43 + IPA: 11 ± 0.5; Fig. 6A,B).
To study whether PAK1 dependent changes of actin dynamics could
be associated not onlywith ﬁlopodia formation but alsowith changes of
migration, we performed a wound assay. The migration of Cx43-
expressing cells was signiﬁcantly enhanced compared to control cells
(Fig. 8B,C). The treatment with the PAK1 inhibitor resulted in a de-
creased migration of HeLa–CTL and HeLa–Cx43 cells (accumulated dis-
tance in μm; mean ± SEM: CTL D: 159 ± 5.8 μm; CTL + IPA: 112 ±
5.9 μm; Cx43 D: 258 ± 9.9 μm; Cx43 + IPA: 157 ± 11.4 μm; n = 8 in
4 independent cell cultures; (*) p b 0.05; Fig. 6C,D). The migration of
Cx43 expressing cells under conditions of PAK1 inhibition
(Cx43 + IPA) was not different to that observed in solvent (DMSO)
treated CTL cells (Fig. 6C,D).
3.7. Cx43 augmented phosphorylation of theMAPK p38 target Hsp27 and F-
actin polymerization in response to serum stimulation
Phosphorylation of Hsp27, which is one of the effectors of theMAPK
p38 and is involved in the regulation of actin dynamics [35], was about
68% higher in HeLa–Cx43 (Cx43) compared to HeLa–CTL cells
(Fig. 7A,B). The incubation with the p38 inhibitor SB203580 diminished
signiﬁcantly Hsp27 phosphorylation in Cx43 expressing but not in
HeLa–CTL cells (phospho Hsp27/GAPDH; CTL D: 0.66 ± 0.05;
CTL + SB: 0.55 ± 0.08; Cx43 D: 1.10 ± 0.05; Cx43 + SB: 0.87 ± 0.06;
n = 4 independent experiments; (*): p b 0.05, Fig. 7A,B).
Since phosphorylation of Hsp27 was highly increased in Cx43-
expressing cells, we analyzed whether the actin polymerization is also
increased in HeLa–Cx43 cells. The F-actin/G-actin ratio under 10%
NBCS stimulation was signiﬁcantly higher in HeLa–Cx43 compared to
HeLa-CTL cells (F-/G-actin ratio in %: mean ± SEM: CTL: 115.8 ± 3.8%;
Cx43: 144.3 ± 10.9%; n ≥ 5 independent cell cultures; (*) p b 0.05;
Fig. 7C).
4. Discussion
Our study demonstrates a novel role of Cx43 in the regulation of
actin dynamics as reﬂected by ﬁlopodia expression. Cx43 binds and
activates PAK1which then augments the phosphorylation of its effector
p38 MAPK. The downstream target of p38, Hsp27, known as an F-actin
capping protein in its non-phosphorylated form, has been identiﬁed inour study as a candidate mediator of the Cx43 dependent increase of
actin dynamics and ﬁlopodia formation.
Filopodia formation reﬂects augmented cytoskeletal dynamics and is
mainly observed in migrating cells [36,37]. Filopodia are considered to
be foremost important for cell polarization and directionality [6,8]. A
role of Cx43 in this process has recently been reported in glioma cells
by Crespin and co-workers [24], who observed ﬁlopodia in cells ex-
pressing full-length Cx43 or its carboxyl tail, similar as observed in our
study. However, the underlying mechanism was not elucidated in this
study. The effect of Cx43 was independent of its channel-forming func-
tion. The carboxyl tail which is channel-incompetent was sufﬁcient to
2915P. Kameritsch et al. / Biochimica et Biophysica Acta 1853 (2015) 2907–2917elicit the effect, whereasmutant cells expressing Cx43NTwere channel-
competent but did not exhibit increased ﬁlopodia formation. In accor-
dancewith theﬁlopodia formation several other studies report a pivotal
role of Cx43 in the control of actin dynamics underlying cellmigration in
endothelial cells duringwound repair or in cultured cells as glioma cells,
ﬁbroblasts or endothelial cells [25,38]. Despite the growing amount of
reports demonstrating a role of Cx43 in cell motility and polarity
[39–41] mechanistic studies as to the role of Cx43 are rare. However,
it is known that Cx43 can interactwith proteinswhich could play an im-
portant role in the control of cell motility e.g. proteins of the cytoskele-
ton (including actin, actin-binding proteins and microtubules), protein
kinases or phosphatases, tight junction proteins and adherens junction
proteins [25].
Despite the majority of studies demonstrated a positive effect of
Cx43 on cell migration, an inverse correlation of Cx43 expression and
wound healing or cell migration has also been reported. Especially in
skin tissue and skin derived cells Cx43 downregulation or inhibition
with connexin mimetic peptides reportedly increased migration rates
and wound closure [42–45]. Likewise, silencing of Cx43 in breast carci-
noma cells not only impaired gap junctional communication but also
enhanced proliferation and migration [46]. Since skin and breast tissue
express a variety of connexins [42,47] it is conceivable that compensato-
ry effects of other connexins, differences between tissue and cell types
or diverse migration stimulating pathways could explain these contro-
versial ﬁndings.
Analogous to our earlier observation that Cx43CTwas pivotal for p38
dependent cell migration we demonstrate here a similar role of p38 on
the amount ofﬁlopodia as elicited by serumstimulation. This role of p38
is an amplifying one, since the p38 inhibitor SB203580 virtually re-
versed the Cx43 effect on ﬁlopodia formation but had no effect on the
basal ﬁlopodia formation observed in control cells not expressing
connexins.
Several studies could show that p21-activated protein kinase is an
important upstream regulator of p38, particularly in cells under growth
factor stimulation which involves activation of the small G-proteinsFig. 8. Proposedmodel of Cx43mediated augmentation of ﬁlopodia formation and cell migratio
Rac1 and Cdc42. The interaction with Cx43 enables the enzyme to bemore activated and allow
and Hsp27. Due to the enhanced phosphorylation, the actin capping function of Hsp27 is abolis
cell migration.Rac1 and Cdc42 [14,35,48]. With dominant negative PAK1 mutants
Dechert and colleagues could completely block PDGF-induced migra-
tion of smooth muscle cells and activation of p38 [14]. Similar results
have been reported in endothelial cells [48]. Since it has been described
inmyocardial cells that Cx43 can bind to PAK1 [26], we analyzed the po-
tential interaction of both proteins in HeLa cells by using immunopre-
cipitation. Our results show that Cx43 not only interacted with PAK1
but also, and most important, augmented the phosphorylation of
PAK1 at Thr423 which is known to activate the enzyme [49]. It has
been shown before that the expression of a constitutively active form
of PAK1 induced the rapid formation of lamellipodia and ﬁlopodia, as
well as an increase in focal adhesion turnover and the disassembly of
stress ﬁbers [50]. In accordance with these ﬁndings, treatment with
the speciﬁc PAK1 inhibitor IPA-3 [51] resulted in decreased ﬁlopodia
formation in Cx43-expressing cells establishing a causal link between
Cx43 and PAK1/p38 dependent ﬁlopodia formation. However, there
was still some inhibitory effect in empty vector transfected cells sug-
gesting that at least basal PAK1 activation can also occur in the absence
of Cx43. This could, however, be due to the effect of IPA-3 on other sig-
naling pathways: IPA-3 suppresses cell growth by blockage of NFκB ac-
tivation [52] and is associatedwith cell death [53]. Therefore, we cannot
exclude that the inhibitory effect of IPA-3 in empty vector transfected
HeLa cells lacking Cx43 was due to PAK1 independent effects.
Though p38 has been shown to interferewith cytoskeletal dynamics
in several ways, e.g. p38 induced phosphorylation of myosin light
chains (MLC) [54] or Rho GTPase dependent [53]. Hsp27 has to be con-
sidered a further important effector in regulating cytoskeletal actin dy-
namics as shown before in hepatocytes, cardiomyocytes, or endothelial
cells [55–58]. Hsp27 can act as an actin-capping protein in its
unphosphorylated form [29,30]. In our experiments the phosphoryla-
tion of Hsp27 was signiﬁcantly higher in the presence of Cx43. More-
over the inhibiting effects of the p38 inhibitor SB203580 on Hsp27
phosphorylation were also most pronounced in Cx43 expressing cells.
Since it has been shown before that unphosphorylated Hsp27 inhibits
actin polymerization, whereas its phosphorylation favors growth factorn. Growth factor stimulation leads to an activation of PAK1 via activation of small GTPases
s therefore also a stronger phosphorylation of the subsequent downstreammolecules p38
hed and phosphorylated Hsp27 favors thereby the actin polymerization and promotes the
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fector candidate for the Cx43/p38 dependent augmentation on the
amount of ﬁlopodia. Accordingly, Cx43 expression went along with an
increased fraction of F-actin over G-actin upon serum stimulation.
These ﬁndings are in accordance with other studies demonstrating a
signiﬁcant role of the p38 MAPK signaling pathway. Genetic ablation
of p38 (p38−/−mouse embryonic ﬁbroblasts) or pharmacological inhi-
bition of p38, which blocked growth factor induced cell migration
(macrophages, HeLa cells, endothelial cells), resulted in impaired actin
cytoskeletal organization and Hsp27 was involved in transducing che-
motactic signals from p38 [48,58].
In summary, our results demonstrate that Cx43 signiﬁcantly am-
pliﬁes the formation of ﬁlopodia, which are functionally important for
cell migration and directionality. The carboxyl tail of Cx43 alone is sufﬁ-
cient to mediate the enhanced ﬁlopodia formation. We further show
that Cx43 interacts with PAK1, which leads to an enhanced phosphory-
lation of PAK1 and its subsequent downstreameffectors. The underlying
signaling cascade for the enhanced ﬁlopodia formation and cell migra-
tion by Cx43 involves the activation of PAK1/p38/Hsp27 (Fig. 8). The
p38 target Hsp27 is a likely candidate in controlling the formation of
actin rich ﬁlopodia.
5. Conclusions
Overall, we have shown that Cx43mediated changes of the actin cy-
toskeleton and cell migration are regulated in a channel independent
manner. These channel independent effects might be explained by in-
teractions of the carboxyl tail with proteins involved in the regulation
of cell motility. Our results demonstrate that Cx43 interacts with PAK1
which leads to an enhanced phosphorylation of PAK1 and increased ac-
tivation of subsequent downstream effectors as p38 and Hsp27. The en-
hanced phosphorylation of Hsp27 in Cx43 expressing cells goes along
with an increased serum induced F-actin polymerization resulting in
enhanced ﬁlopodia formation and cell migration. Future studies should
answer whether Cx43 mediated activation of the PAK1/p38/Hsp27
pathway is also involved in controlling actin cytoskeletal changes and
cell migration in other cell types and in vivo.
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